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DVVRFLDWHG WR WKHDELOLW\ WR UHPRYHVPDOODPRXQWVRIPDWWHU IURP WKHZRUNSLHFH¶V VXUIDFH >&KLFKNRYHWDO@
7KHVHFKDUDFWHULVWLFVOHDGWRDSSOLFDWLRQVDGGUHVVLQJHJWKHVWUXFWXULQJDQGIXQFWLRQDOL]DWLRQRIVXUIDFHV>=KDRHWDO
%RRWK HW DO @ DVZHOO DV LQ WKH SURFHVVLQJ RI VLQJOH RUPXOWL OD\HUHG DVZHOO DV WKLQ OD\HUHG VXUIDFHV
>'OLJDWFKHWDO@0XOWLOD\HUHGVXUIDFHVDVDQDFFXPXODWLRQRIGLIIHUHQWPDWHULDOVOD\HUHGLQRQHZRUNSLHFHDUH
YHU\VXLWDEOHWREHPDQXIDFWXUHGE\ODVHUVEHFDXVHWKHPDWHULDOLQGHSHQGHQFHRIODVHUPDQXIDFWXULQJSURFHVVHV,Q
DGGLWLRQ WKHVWUXFWXULQJRI WKLQ OD\HUHGVWUXFWXUHVXQGHUFRQVLGHUDWLRQRIYDU\LQJGHSWKDQGZLGWKSURILOHVEHQHILWV
IURPWKHSRWHQWLDORIODVHUPLFURPDFKLQLQJWRDEODWHRQO\VPDOODPRXQWVRIPDWHULDOIURPWKHZRUNSLHFHV¶VXUIDFH
-XVWDVODVHUPLFURPDFKLQLQJPXOWLOD\HUVDUHVSUHDGLQVHYHUDOLQGXVWULDOVHFWRUV6RPHRIWKHPDLQDSSOLFDWLRQV
DUH LQSURGXFWV LQ WKHSKRWRYROWDLFGLVSOD\/('2/('DQGEDWWHU\DUHDV >0DQNDQG0DVRQ0RULWDHWDO
<HK+HUPDQQHWDO@,QPRVWRIWKHSURFHVVFKDLQVFRQQHFWHGWRWKHVHSURGXFWVWKHSURGXFWLRQRI
WKHPXOWLOD\HUFRPSRQHQWVUHTXLUHVDILQLVKLQJRUSDWWHUQLQJVWHSDVODVWSURFHVVVWHS,QPRVWFDVHVWKLVODVWVWHSLV
XVHGIRUGHILQLQJIRUPDQGHGJHVRIWKHSURGXFHGPXOWLOD\HUHGFRPSRQHQWRUWRLQWHUFRQQHFWRULVRODWHLWVGLIIHUHQW
OD\HUV
(VSHFLDOO\ LQ WKH PDQXIDFWXULQJ RI KLJK SHUIRUPDQFH VXUIDFH VWUXFWXUHV IRU OD\HUHG PDWHULDOV WKH XVDJH RI
SDWWHUQLQJ WHFKQLTXHV EDVHG RQ ODVHUPLFURPDFKLQLQJ GHOLYHUV ERWK WHFKQLFDO DQG ILQDQFLDO DGYDQWDJHV+RZHYHU
LQKHUHQWDVSHFWVRIWKHODVHUDEODWLRQDVVRFLDWHGWRZRUNSLHFHYDULDWLRQVUHVXOWDQWIURPSUHYLRXVSURFHVVHVFDQOHDGWR
RYHUDOO SURFHVV LQVWDELOLWLHV)XUWKHUPRUH GLIIHUHQWPDFKLQHZRUNSLHFHDQG HQYLURQPHQWDO UHODWHGSDUDPHWHUV FDQ
DOVR LQIOXHQFH WKH SURFHVV VWDELOLW\ DQG UHSURGXFLELOLW\ ,Q VSHFLDO SRVVLEOH UHVXOW YDULDWLRQV GXH WR WKLFNQHVV
YDULDWLRQV RQ GLIIHUHQW OD\HUV DQG PDWHULDO GHSHQGHQW ODVHU UHPRYDO OHDG WR DQ XQNQRZQ SHQHWUDWLRQ GHSWK DQG
FRQVHTXHQWO\WRDSRVVLEOHGDPDJLQJWRXQGHUO\LQJOD\HUVRUHYHQWRDQLQFRPSOHWHUHPRYDORIDVSHFLILFOD\HU$OO
WKHVHSRVVLEOHSURFHVVGHYLDWLRQVFDQFDXVHDGYHUVHIXQFWLRQDOLPSDFWVRUHYHQOHDGWRUHMHFWV
7RVHFXUHSURFHVVVWDELOLW\DQGTXDOLW\IRUORQJSHULRGVWKHXVDJHRIDSURFHVVPRQLWRULQJDVVRFLDWHGWRDIHHGEDFN
FRQWURO LV LQGLVSHQVDEOH7KHUHIRUHWKLVSDSHUH[DPLQHVWKHSRVVLELOLWLHVRID ODVHUSURFHVVUHODWHGSODVPDHPLVVLRQ
DQDO\VLVIRUDSURFHVVGHSHQGHQWOD\HUPDWHULDOGHWHFWLRQDQGGLVFULPLQDWLRQ
&RQFHSW
2.1. Measurement principle 
7KHODVHULQGXFHGEUHDNGRZQVSHFWURVFRS\/,%6IRFXVHVRQWKHVSHFWURVFRSLFHYDOXDWLRQRISODVPDDULVLQJE\
WKHODVHUDEODWLRQRIPDWHULDOV>&DLUQVDQG.DLVHU@7KLVSULQFLSOHRI/,%6FDQEHDSSOLHGLQDZLGHUDQJHRI
DSSOLFDWLRQVDQGPDWHULDOV3RVVLEOHDSSOLFDWLRQVRI/,%6DUHWKHPDWHULDOFKDUDFWHUL]DWLRQRIXQLIRUPPDWHULDOVDQG
FRPSRVLWLRQDO PDSSLQJ RI KHWHURJHQHRXV PDWHULDOV $Q DQWHFHGHQW DSSOLFDWLRQ IRU FRPSRVLWLRQDO PDSSLQJ IURP
ZKLFK /,%6 ZDV RULJLQDWHG LV WKH GHWHUPLQDWLRQ RI WKH RULJLQDOLW\ RI ZRUNV RI DUW ZLWKRXW GDPDJLQJ WKH KLJK
YDOXDEOH REMHFWV $QRWKHU DSSOLFDWLRQ LV GHSWK SURILOLQJ ZKLFK GHWHUPLQHV WKH PDWHULDO FRPSRVLWLRQ LQ D[LDO
GLUHFWLRQRI WKH ODVHURSWLFVZKLOH FRPSRVLWLRQDOPDSSLQJ H[DPLQHV WKHPDWHULDO FRPSRVLWLRQ LQ ODWHUDO GLUHFWLRQ
>*RWWIULHGDQG'H/XFLD@$VODVHUVRXUFHIRUWKHSODVPDJHQHUDWLRQVKRUWSXOVHGDQGXOWUDVKRUWSXOVHGODVHU
VRXUFHVDUHXVHG/DVHUPLFURPDFKLQLQJSURFHVVHVEDVHGRQWKHVHODVHUVRXUFHVJHQHUDWHDOVRSODVPDZKLFKFDQEH
XVHGVLPLODUO\WRWKHQRUPDO/,%6DSSOLFDWLRQV
7KHSK\VLFDOSKHQRPHQDRFFXUULQJGXULQJWKLVSURFHGXUHZLOOEHGHVFULEHGEHORZZLWKPDLQIRFXVRQWKHSODVPD
EUHDNGRZQDQGLWVVSHFWUDOFKDUDFWHUL]DWLRQ
7KHSODVPDEUHDNGRZQDVEDVLFSK\VLFDOSURFHVV IRU WKHPHDVXUHPHQW VLJQDO RULJLQDWLRQ LV D ODVHU UHODWHG DQG
SURFHVVGHSHQGHQWSKHQRPHQRQZKLFKLVIL[HGSHUPDQHQWO\WRODVHUDEODWLRQSURFHVVHV7KHODVHULQGXFHGSODVPDLV
WKHUHIRUHDOVRDE\SURGXFWRIODVHUPDFKLQLQJSURFHVVHVFRQWDLQLQJWKHDEODWHGPDWHULDODQGWKHUHPDLQLQJHQHUJ\
GHOLYHUHGE\WKHODVHU%DVLFDOO\WKHSODVPDEUHDNGRZQH[SLUHVRYHUVHYHUDOVWHSVVWURQJO\LQIOXHQFHGE\WKHODVHU
SXOVH LUUDGLDWLRQ )RU VKRUW SXOVHG ODVHU VRXUFHV WKH SURFHGXUH VWDUWV ZLWK WKH LPSDFW RI WKH ODVHU SXOVH RQ WKH
PDWHULDOV¶VXUIDFHZKHUHWKHPDWHULDOLQWKHODVHUVSRWJHWVILUVWO\KHDWHG)ROORZHGE\WKHYDSRUL]DWLRQRIDQDPRXQW
RIPDWHULDOUHJDUGLQJWKHODVHUSDUDPHWHUVDSOXPHRIDEODWHGPDWHULDODULVHVZKLFKLVIXUWKHUKHDWHGE\UHPDLQLQJ
ODVHULUUDGLDWLRQZLWKDVXEVHTXHQWLRQL]DWLRQRIWKHDEODWHGDWRPVDQGPROHFXOHVLQGXFHGGXHWRGLIIHUHQWLRQL]DWLRQ
SURFHVVHVFRUUHODWLQJZLWKWKHLQGXFHGODVHUSXOVHHQHUJ\$IWHUIRUPLQJWKHLRQL]HGSODVPDSOXPHFRQWDLQLQJWKH
DEODWHGPDWHULDODVVWLPXODWHGLRQVSURFHVVHVRIUHFRPELQDWLRQRFFXULQWKHODVHULQGXFHGSODVPDZKLFKOHDGVILQDOO\
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WRWKHGHFD\RIWKHSODVPDSOXPH7KLVSODVPDGHFD\DQGUHFRPELQDWLRQLQGLFDWHVWKHDFWXDOPHDVXUHPHQWVLJQDOE\
GLVFKDUJLQJWKHLQGXFHGHQHUJ\E\WKHUHFRPELQDWLRQRIWKHFHUWDLQLRQVEDFNWRWKHLUQRUPDODWRPLFRUPROHFXODU
VWUXFWXUHV7KHUHOHDVHGHQHUJ\GXHWRWKHUHFRPELQDWLRQRIWKHLRQVLVDQHOHFWULFPDJQHWLFZDYHLQWKHVSHFWUXPRI
OLJKW%RWKWKHSODVPDHYROYLQJDQGGHFD\SURFHVVDUHLOOXVWUDWHGLQ)LJ

 
)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHSODVPDH[SDQVLRQPHFKDQLVPLQGXFHGE\ODVHULUUDGLDWLRQDQGVXEVHTXHQWIROORZHGE\WKHYDSRUL]DWLRQDQG
LRQL]DWLRQRIWKHDEODWHGPDWHULDODQGWKHUHFRPELQDWLRQRIWKHSODVPDZLWKWKHFKDUDFWHULVWLFOLJKWHPLVVLRQ>$GDSWHGIURP%RKOLQJHWDO@
7KHVSHFLILFLRQL]DWLRQSURSHUWLHV>1RDFNDQG9RJHO@DQGWKHLUIROORZLQJUHFRPELQDWLRQDOORFDWHDVSHFLILF
HQHUJ\ GLVFKDUJH WR FHUWDLQ PDWHULDOV E\ WKH UHDUUDQJHPHQW RI WKH H[FLWHG HOHFWURQV EDFN WR WKHLU DWRPLF FLWHV
>&DSLWHOOL HW DO @ 7KHUHIRUH IRU HDFK SDUWLFXODU PDWHULDO D FHUWDLQ UHFRPELQDWLRQ HQHUJ\ RFFXUV GHOLYHULQJ
FRQVHTXHQWO\OLJKWZLWKDGLIIHUHQWVSHFWUDOFKDUDFWHULVWLFIRUXQHTXDOPDWHULDOV>$GHQHWDO$QLVLPRYHWDO
@
5HVRUWRQWKHVHFKDUDFWHULVWLFSURSHUWLHVRIODVHULQGXFHGSODVPDDVDE\SURGXFWIRUODVHUDEODWLRQSURFHVVHVWKH
VSHFWURVFRS\RIWKHSODVPDHPLVVLRQFDQOHDGWRDQLGHQWLILFDWLRQRIWKHDFWXDOO\SURFHVVHGPDWHULDO7KLVLVUHDOL]HG
E\WKHRSWLFDOGLIIUDFWLRQRI WKHHPLWWHGSODVPDVSHFWUXPLQWRLWVFRQWDLQLQJZDYHOHQJWKGHSHQGHQWVKDUHV%\WKH
HYDOXDWLRQRIWKHVSHFWUDFHUWDLQPDWHULDOVFDQEHLGHQWLILHGE\WKHLUVSHFLILFSODVPDHPLVVLRQFXUYHV
2.2. Inline plasma monitoring 
%DVHG RQ WKH SULQFLSOH SURSHUWLHV RXWOLQHG LQ WKH SUHYLRXV VHFWLRQ WKH SRVLWLYH FKDUDFWHULVWLFV RI WKH /,%6
WHFKQRORJ\JHQHUDWHVDQH[WHQGHGFDSDELOLW\IRUPRQLWRULQJODVHUSURFHVVHVDQGIHHGLQJDFWXDOLQIRUPDWLRQEDFNWR
WKH ODVHUPDQXIDFWXULQJSURFHVV7KLVDELOLW\HQDEOHV LQOLQHSURFHVVSDUDPHWHUVXSHUYLVLRQ IRU ODVHUSURFHVVHV LQD
ODUJHILHOGRIDSSOLFDWLRQV7KHXVDJHRIDQXQXVHGE\SURGXFWDVVRXUFHIRU WKHPHDVXUHPHQWVLJQDOZLWKLQ/,%6
HQDEOHVDVLPSOHVHWXSDQGV\VWHPLQWHJUDWLRQRILQWRODVHUPLFURPDFKLQLQJXQLWVZLWKRXWUHTXLULQJDVHSDUDWHIRUP
RIVLJQDOJHQHUDWLRQDVHJDQDGGLWLRQDOOLJKWVRXUFH
,Q WKLV FRQWH[W WKHPDLQPHDVXUHPHQWPRGXOHVRI D/,%6 V\VWHPDUH D OLJKW FROOHFWLQJXQLW WR FRXSOH HPLWWHG
SODVPDOLJKWLQWRWKHPHDVXUHPHQWV\VWHPDQGDVSHFWURPHWHUDVHYDOXDWLRQXQLWIRUWKHFROOHFWHGVSHFWUD
5HJDUGLQJ WKH UDGLDWLRQ SURSHUWLHV RI WKH HPLWWHG OLJKW UHODWHG WR WKH SODVPD D OLJKW FROOHFWLQJ XQLW EDVHG RQ
IRFXVLQJSDUDEROLFRIID[LVPLUURUVLVXVHGIRUFRXSOLQJWKHSODVPDHPLVVLRQLQWRDILEUHJXLGLQJWKHOLJKWLQWRWKH
VSHFWURPHWHU7KHVFKHPDWLFVHWXSRIWKHOLJKWFROOHFWLQJXQLWLVGHPRQVWUDWHGLQ)LJ
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
)LJ6FKHPDWLFFRPSRVLWLRQRIWKHOLJKWFROOHFWLQJXQLWFRPSRVHGRIDQRIID[LVSDUDEROLFPLUURUDUHIOHFWLYHFROOLPDWRUDQGDQRSWLFDOILEUH
7KHILEUHFRXSOHGSODVPDHPLVVLRQJHWVFDUULHGLQWRWKHVSHFWURPHWHUZKHUHLWLVSDVVHGRYHUWRDQRSHQEHDPDQG
LPSLQJHV RQWR D KRORJUDSKLF FRQFDYH GLIIUDFWLRQ JUDWLQJ ZKLFK H[HFXWHV WKH VSHFWUDO GLIIUDFWLRQ 7KH FRQFDYH
JUDWLQJPRUHRYHUIRFXVHV WKHGLIIUDFWHG OLJKWRQWRD&&'FDPHUD OLQH WR WUDQVODWH WKH OLJKWV¶ LQWHQVLW\GLVWULEXWLRQ
RYHU WKHZDYHOHQJWK LQWR WKH SODVPD HPLVVLRQ FXUYH 7KHPHDVXUHG LQWHQVLWLHV GLVWULEXWHG RYHU WKH VSHFWUXP DUH
XQLTXHWRFHUWDLQPDWHULDOVDQGLQGLFDWHVWKHDFWXDODEODWHGPDWHULDOFRPSRVLWLRQ)LJVKRZVWKHVFKHPDWLFVHWXS
RIWKHVSHFWURPHWHUXVHGRIWKH/,%6V\VWHP


)LJ6FKHPDWLFFRPSRVLWLRQRIWKHVSHFWURPHWHUFRPSRVHGRIWKHILEUHRXWOHWDSHUWXUHDFRQFDYHKRORJUDSKLFJUDWLQJIRUWKHVSHFWUDO
GHFRPSRVLWLRQDQGD&&'OLQHFDPHUDIRUOLJKWGHWHFWLRQ

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([SHULPHQWDOVHWXS
3.1. Measurement system prototype 
7KH PHDVXUHPHQW V\VWHP VHWXS ZDV GHVLJQHG EDVHG RQ DQ DGDSWHG OLJKW FROOHFWLQJ XQLW DQG DQ RSWLPL]HG
VSHFWURPHWHU 7KHUHIRUH WKH OLJKW FROOHFWLQJ XQLW ZDV LPSOHPHQWHG ZLWK WZR SDUDEROLF RIID[LV PLUURUV RQH IRU
FROOLPDWLQJ WKHSODVPDHPLVVLRQ WR WKH VHFRQGPLUURUZKLFK IRFXVHV WKH OLJKW DJDLQRQ WKH DSHUWXUHRI DQRSWLFDO
ILEUH7KHILEUHXVHGIRUJXLGLQJWKH/,%6SODVPDHPLVVLRQVLJQDOWRWKHVSHFWURPHWHUZDVDPXOWLPRGHILEUHRQWKH
SXUSRVH RI WUDQVPLWWLQJ WKH SODVPD HPLVVLRQ OLJKW ZLWK ORZ VSHFWUDO GHSHQGHQW DEVRUSWLRQ $QRWKHU UHDVRQ LV WR
DFKLHYHKLJKLQWHQVLWLHVRQWKHVSHFWURPHWHUV¶OLQHGHWHFWRU7KHUHIRUHDFRUHGLDPHWHURIPZDVFKRVHQ7KH
VSHFWURPHWHUFRQQHFWHGWRWKHOLJKWFROOHFWLQJXQLWGXHWRWKHRSWLFDOILEUHZDVVHWXSZLWKWKHILEUHDSHUWXUHDVOLJKW
HQWUDQFHWREULQJWKHFROOHFWHGOLJKWLQDGLYHUJHQWEHDPRQWRWKHIXQFWLRQDOGLIIUDFWLRQVXUIDFHRIWKHJUDWLQJ7KH
FRQFDYHKRORJUDSKLFGLIIUDFWLRQJUDWLQJUHTXLUHVDGLYHUJHQWEHDPLQDSUHGHILQHGLQFLGHQFHGLVWDQFHDQGDQJOH WR
IRFXVWKHOLJKWLQDIRFDOSODQHLQDFHUWDLQHPHUJHQFHGLVWDQFHDQGDQJOH,QDGGLWLRQWKHIXQFWLRQDOO\JUDGHGVXUIDFH
VWUXFWXUH RI WKH JUDWLQJ GLIIUDFWV WKH OLJKW LQWR LWV VSHFWUDO LQWHQVLW\ GLVWULEXWLRQ DQG PRUHRYHU FRUUHFWV RSWLFDO
DEHUUDWLRQV OLNH WKH ILHOG RI FXUYDWXUH FRPD DQG DVWLJPDWLVP 7KH JUDWLQJ GHOLYHUV WKH OLJKW ZLWK DQ DQJOH RI
HPHUJHQFHRIDQGDGLVWDQFHRIWKHIRFDOSODQHRIPPUHVXOWLQJIURPDOLQHGHQVLW\RIOLQHVSHUPP
7KHFRQFDYHKRORJUDSKLFJUDWLQJIXUWKHUPRUHZDVFKRVHQEHFDXVHRILWVEULJKWZDYHOHQJWKFRUUHFWLRQ6WDUWLQJLQWKH
VSHFWUDOUDQJHRI89FRYHULQJWKHZKROH9,6VSHFWUXPDQGDWODVWKDVDOLWWOHFRQWLQJHQWRIWKH1,57KHGHVFULEHG
JUDWLQJ LVZLWK D FRUUHFWHG VSHFWUDO UDQJH RI  QP WR  QP YHU\ VXLWDEOH IRU DSSOLFDWLRQV LQ /,%6 DVPRVW
PDWHULDOV KDYH WKHLU SODVPD HPLVVLRQ LQ WKH 89 DQG 9,6 VSHFWUXP $ VHOHFWLRQ RI PDWHULDOV DQG WKHLU SODVPD
HPLVVLRQOLQHVDUHVKRZQLQ7DEOH>,VPDLOHWDO7RQJHWDO6WXUPHWDO%DVVLRWLVHWDO
5XVVRHWDO@$VDGHWHFWRUDVLOLFRQEDVHGOLQHFDPHUDZDVXVHGZLWKUHVSRQVLYLW\IURPQPWRDERXW
QP$OOFRPSRQHQWVWKHUHIRUHZHUHFKRVHQZLWKUHJDUGVWRDZLGHVSHFWUDOIXQFWLRQDOLW\DQGVHQVLWLYLW\WRGHYHORSD
V\VWHPFDSDEOHRIPHDVXULQJPDQ\GLIIHUHQWPDWHULDOVZLWKGLIIHULQJSODVPDHPLVVLRQOLQHV
7DEOH/DVHULQGXFHGSODVPDHPLVVLRQOLQHVRIUHOHYDQWHOHPHQWVIRUODVHUPDFKLQLQJ
(OHPHQW 0DLQHPLVVLRQOLQHV  
,URQ)H QP QP QP
1LFNHO1L
&KURPLXP&U
0RO\EGHQXP0R
$OXPLQXP$O
&RSSHU&X
&DUERQ&
QP
QP
QP
QP
QP
QP




QP





3.2. Laser micro machining system with integrated plasma monitoring 
7KHSODVPDPRQLWRULQJH[SHULPHQWVZHUHUHDOL]HGE\WHVWPHDVXUHPHQWVGXULQJODVHUVWUXFWXULQJSURFHVVHVZLWK
WKHLQWHJUDWHGODVHULQGXFHGEUHDNGRZQVSHFWURPHWHULQWRDODVHUPLFURPDFKLQLQJV\VWHP7KHDSSOLHGODVHUZDVD
QDQRVHFRQGILEUHODVHUZLWKDFHQWUHHPLVVLRQZDYHOHQJWKRIQPSXOVHGXUDWLRQVEHWZHHQQVDQGQVDQG
SXOVHUHSHWLWLRQIUHTXHQFLHVEHWZHHQN+]DQGN+]7KHDYHUDJHRXWSXWSRZHURIWKHODVHUV\VWHPLVDERXW
P- SHU SXOVH7KH ODVHU LV IRFXVHGRQ WKHPDQXIDFWXUHG VDPSOH VXUIDFH E\ D WHOHFHQWULF I7KHWD REMHFWLYHZLWK D
ZRUNLQJGLVWDQFHRIPP7KHGHIOHFWLRQRIWKHODVHULVFDUULHGRXWYLDDODVHUVFDQQHUZLWKDSRVLWLRQYHORFLW\RI
PVDUHSHDWDFFXUDF\RIOHVV WKDQȝUDGDQGDQDSHUWXUHRIPP7KHPHDVXUHPHQWV\VWHPZDVLQWHJUDWHG
ZLWKWKHDVVHPEOHGOLJKWFROOHFWLQJXQLWRIID[LVWRWKHODVHUEHDP7KHRIID[LVLQWHJUDWLRQZDVGRQHE\DOORFDWLQJ
WKHIRFDOSRLQWRIWKHOLJKWFROOHFWLQJSDUDEROLFRIID[LVPLUURUULJKWLQWRWKHDEODWLRQDUHDRIWKHODVHU7KHIRFXVRI
WKHPLUURUDOORFDWHGLQWKHODVHUVFDQILHOGUHVXOWVLQWKHIHDWXUHRIFROOHFWLQJWKHSODVPDHPLVVLRQOLJKWRULJLQDWLQJLQ
WKHIRFDOSRLQWRIWKHPLUURU$QDPRXQWRIWKHOLJKWZKLFKDULVHVLQWKHVFDQILHOGGXHWRWKHODVHUSXOVHLPSDFWVDQG
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WKHIROORZLQJDEODWLRQSURFHVVUDGLDWHVLQWKHGLUHFWLRQRIWKHPLUURUDQGJHWVFRXSOHGLQWRWKHOLJKWFROOHFWLQJXQLW
7KHPHDVXUHPHQWV\VWHPDQGLWVLQWHJUDWLRQDUHVKRZQLQ)LJ

 
)LJD,QWHJUDWLRQRIWKHPHDVXUHPHQWV\VWHPYLDWKHOLJKWFROOHFWLQJXQLWE2SWLFDOVHWXSRIWKHVSHFWURPHWHU
3.3. Experimental definitions 
)RU WKH HYDOXDWLRQ RI WKH /,%6 PHDVXUHPHQW V\VWHP ILUVWO\ H[SHULPHQWV ZLWK WZR GLIIHUHQW PDWHULDOV ZHUH
SHUIRUPHGWRFKDUDFWHUL]HLQWKHILUVWSODFHWKHVSHFWUDOZLGWKDQGVHQVLWLYLW\RIWKHPHDVXUHPHQWV\VWHPYLDDEULJKW
VWHHOVSHFWUXP6WHHOSODVPDHPLWVDEULJKWVSHFWUXPEHFDXVHRILWVFRPSRVLWLRQRIVHYHUDODOOR\LQJHOHPHQWV7KH
XVHGVWHHOVDPSOHRI1L&U0RZLOOWKHUHIRUHHPLWWKHHPLVVLRQOLQHVRILURQFKURPLXPPRO\EGHQXPDQGQLFNHO
RXWOLQHLQ7DEOH,QDVHFRQGVWHSWKHUHVROXWLRQRIWKHV\VWHPZLOOEHHYDOXDWHGZLWKDOXPLQXPSODVPDZKLFKLV
VXSSRVHGWRHPLWDVWURQJDQGVLQJOHHPLVVLRQOLQHDWQPEHFDXVHLWFRQWDLQVIURPRQO\RQHHOHPHQW7KHQWKH
FDSDELOLWLHV RI WKH/,%6PHDVXUHPHQW V\VWHP WRPDNH DTXDOLWDWLYHGLVFULPLQDWLRQEHWZHHQGLIIHUHQWPDWHULDOV RI
PXOWLOD\HUHGVXUIDFHVZHUHHYDOXDWHGE\VWUXFWXULQJDFDUERQFRDWHGFRSSHUIRLOZLWK WKHIROORZLQJPHDVXUHPHQW
DQGVSHFWUDOFKDUDFWHUL]DWLRQRIWKHLQGXFHGSODVPDSOXPHVIRUWKHGLIIHUHQWOD\HUV
7KHXVHG ODVHUSURFHVVSDUDPHWHUVZHUHFKRVHQUHJDUGLQJ WKHPDWHULDOV¶DEODWLRQSURSHUWLHV)RUPDQXIDFWXULQJ
VWHHODQGDOXPLQXPWKHODVHUPLFURPDFKLQLQJV\VWHPVLVDGMXVWHGRQSXOVHGXUDWLRQRIQVUHSHWLWLRQIUHTXHQF\
RIWKHSXOVHVRIN+]DQGVFDQQLQJVWHSVRIPZKLFKOHDGVWRDSXOVHHQHUJ\RIP-7KHORZUHSHWLWLRQ
UDWHKDVWREHDGMXVWHGLQWKLVPDJQLWXGHGHSHQGLQJRQDORQJSXOVHGXUDWLRQZKLFKLQWXUQOHDGVWRDKLJKHUDPRXQW
RIHQHUJ\SHUSXOVH7KHVPDOOVFDQQLQJVWHSVDUHVXSSRVHGWRJHQHUDWHDWLJKWO\SDFNHGDUHDIRUWKHSXOVHVWRLPSDFW
7KLVVKRXOGOHDGWRDODUJHUTXDQWLW\RIHPLWWLQJSODVPDSOXPHVLQWKHIRFDOSRLQWRIWKHOLJKWFROOHFWLQJXQLW7KH
ODVHU SDUDPHWHUV DUH FKRVHQ LQ WKLV FRQILJXUDWLRQ WR DFKLHYHSUHIHUDEO\ KLJK HPLVVLRQ LQWHQVLWLHV RI WKH HPHUJLQJ
SODVPDSOXPHV5HJDUGLQJWKHFROOHFWLRQRIWKHSODVPDHPLVVLRQVWKHVHWWLQJVRIWKHFDPHUDDUHDGMXVWHGIRUDJRRG
GHWHFWLRQRIWKHVSHFWUDOHPLVVLRQYDOXHVE\WKHFDPHUDDVZHOO7KHFDPHUDH[SRVXUHWLPHLVVHWWRVDQGLV
FRQILJXUHG WR WKDW YDOXH WR DFKLHYH D VXIILFLHQW LOOXPLQDWLRQ WLPH RQ WKH GHWHFWRU OLQH UHJDUGLQJ WKH ODVHU SXOVH
HQHUJ\ 7KH H[SRVXUH WLPH RI  V UHSUHVHQWV WKH KLJKHVW SRVVLEOH H[SRVXUH WLPH RI WKH FDPHUD LQ WKH
FRPELQDWLRQ ZLWK LWV PD[LPXP IUDPH UDWH RI  +]:LWK WKHVH SDUDPHWHUV D KLJK IUDPH UDWH IUHTXHQF\ LV
HQDEOHGZKLFKOHDGVWRWKHDFTXLVLWLRQRIDKLJKQXPEHURIVSHFWUDOLPDJHVRYHUWKHVLQJOHLWHUDWLRQVWHSVGXULQJWKH
DEODWLRQRIHYHU\SUHVHQWPDWHULDOOD\HU)RUERWKWKHODVHUSURFHVVSDUDPHWHUVDQGWKHFDPHUDSUHIHUHQFHVWKHVDPH
FRQILJXUDWLRQLVXVHGIRUPHDVXULQJVWHHODVZHOODVDOXPLQXP)RUWKHPDQXIDFWXULQJRIWKHFDUERQFRDWHGFRSSHU
IRLO DQG WKH VXEVHTXHQW SODVPD H[DPLQDWLRQ ERWK WKH ODVHU DQG WKH FDPHUD SDUDPHWHUV KDG WR EH DGDSWHG WR WKH
FKDQJHGSURFHVV UHTXLUHPHQWV7KH ODVHUSDUDPHWHUVDUHDGMXVWHGRQO\ LQ WHUPVRISXOVHHQHUJ\ZKLFKZDVVHW WR
P-7KHUHIRUHWKHSXOVHGXUDWLRQRIQVDVZHOODVWKHUHSHWLWLRQIUHTXHQF\RIN+]DQGWKHVFDQQLQJVWHSV
RIPZHUHOHIWXQFKDQJHG7KHFKDQJHVDUHZHOOVXLWHGIRUERWKWKHDEODWLRQRIFDUERQDQGFRSSHU5HJDUGLQJ
WKH UHGXFHG SXOVH HQHUJ\ WKH FDPHUD SDUDPHWHUV KDYH WR EH DGDSWHG DVZHOO'XH WR WKH ORZHU SODVPD HPLVVLRQ
LQWHQVLWLHV UHVXOWLQJ IURP WKH ORZHU SXOVH HQHUJ\ WKH FDPHUD SDUDPHWHUV DUH VHW WR WKH PD[LPXP YDOXH IRU WKH
H[SRVXUHWLPHRIDERXWVZKLFKUHVXOWVLQDPD[LPXPSRVVLEOHYDOXHRIWKHIUDPHUDWHRI+]
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5HVXOWV
)LJ  SUHVHQWV WKH UHVXOWLQJ LQWHQVLW\ GLVWULEXWLRQ RI WKH PHDVXUHG /,%6 RYHU WKH VSHFWUXP RI OLJKW IRU WKH
VHOHFWHGVWHHODOOR\VDPSOH

)LJ,QWHQVLW\IRU/,%6SODVPDHPLVVLRQVSHFWUXPIRUWKHVHOHFWHGVWHHODOOR\VDPSOH
7KH/,%6VSHFWUXPRIWKHVWHHOVDPSOHVKRZVWKHW\SLFDOEULJKWVSHFWUXPORFDWHGLQWKH9,6DQG89VSHFWUXPRI
OLJKWUHJDUGLQJWRDTXDOLWDWLYHFRPSDULVRQWRUHIHUHQFHVSHFWUDZKLFKZHUHSXEOLVKHGE\RWKHUDXWKRUV>,VPDLOHWDO
7RQJHWDO6WXUPHWDO%DVVLRWLVHWDO5XVVRHWDO@DQGVXPPDUL]HGLQ7DEOH,Q
DFFRUGDQFHZLWK WKHUHIHUHQFHV WKHVSHFWUXPRIVWHHOGLVSOD\V LWV VWURQJHPLVVLRQSHDNIRU ,URQ LQ WKH89UHJLRQ
DURXQG WKH H[SHFWHG ZDYHOHQJWK RI  QP ZKLFK LV TXDOLWDWLYHO\ GHPRQVWUDWHG E\ WKH PHDVXUHG VSHFWUXP
&KURPLXPZLWKLWVSHDNVDWQPDQGQPDQG0RO\EGHQXPZLWKLWVPDLQHPLVVLRQSHDNDWQPDUH
TXDOLWDWLYHO\YLVXDOL]HG LQ WKHVSHFWUDOUDQJHEHWZHHQQPDQGQP>6WXUPHWDO@2QO\ WKHH[SHFWHG
SHDNV RI&DUERQ DQG1LFNHO DUH QRW HQFORVHG LQ WKHPHDVXUHG VSHFWUXP7KHLU HPLVVLRQ SHDNVZHUH H[SHFWHG WR
DSSHDUDWQPIRU&DUERQDQGQPIRU1LFNHO7KHDEVHQFHRI WKH&DUERQDQG1LFNHOSHDNZKLFKDUH
VXSSRVHG WREH LQ WKHVSHFWUDO UHJLRQEHQHDWKQPLQGLFDWHVWKH OLPLWRI WKHGHYHORSHG/,%6V\VWHPV¶VSHFWUDO
VHQVLWLYLW\5HVWULFWHGE\ WKH UHVSRQVLYLW\RI WKH FDPHUD WKH VSHFWUDO VHQVLWLYLW\RI WKH/,%6 V\VWHP UHDFKHV IURP
DERXWQPWRQPZKLFKLVVKRZQLQWKHVWHHOVSHFWUXPLQ)LJ7KLVYDOLGDWLRQFDQEHPDGHEHFDXVHWKH
VSHFWUXPFOHDUO\DFTXLUHGWKHHPLVVLRQSHDNVRI,URQ&KURPLXPDQG0RO\EGHQXPLQWKHLUH[SHFWHGVSHFWUDOUDQJH
$IWHUWKHFKDUDFWHUL]DWLRQRIWKHVSHFWUDOVHQVLWLYLW\RIWKHGHYHORSHG/,%6V\VWHPH[SHULPHQWVWRFKDUDFWHUL]HWKH
VSHFWURPHWHUV¶ UHVROXWLRQ ZHUH FDUULHG RXW 7KLV FKDUDFWHUL]DWLRQ ZDV PDGH E\ PHDVXULQJ WKH SODVPD HPLVVLRQ
VSHFWUXPRIDOXPLQLXPZKLFKLVH[SHFWHGWRHPLWDVWURQJDQGWKLQHPLVVLRQOLQHORFDWHGDWQP>6WXUPHWDO
@7KHPHDVXUHGVSHFWUXPVKRZVFOHDUO\WKHH[SHFWHGDOXPLQLXPSODVPDHPLVVLRQ([FHSWWKHH[SHFWDWLRQRID
YHU\WKLQHPLVVLRQOLQH>6WXUPHWDO@WKH/,%6V\VWHPLQWHJUDWHGLQWKHODVHUPLFURPDFKLQHVKRZVWKHSHDNV
TXDOLWDWLYHO\ LQ WKH FRUUHFW VSHFWUDO UDQJHEXW EOXUUHGRYHU D VSHFWUDO UDQJHRI QPDURXQG WKHRULJLQDO SHDN DW
QPIRU WKHPDLQSHDNRIDOXPLQLXP7KLVEOXUULQJHIIHFW OLPLWV WKHVSHFWURPHWHUV¶ UHVROXWLRQZKLFKPHDQV
WKDWSHDNVPXVWEHVHSDUDWHGDWOHDVWQPIURPHDFKRWKHUWREHGLVFULPLQDWHGE\WKH/,%6V\VWHP)XUWKHUPRUH
VRPHRWKHUPLQRUSHDNVDUHGHWHFWHGZKLFKDUH LQGXFHGPDLQO\GXH WR WKHR[LGH OD\HURIDOXPLQLXPZKLFKHPLWV
SHDNVDWQPDQGQP>,VPDLOHWDO@7KHVHSHDNVFDQFOHDUO\EHVHSDUDWHGIURPWKHPDLQDOXPLQLXP
SHDNZKLFKLVVKRZQLQ)LJ7KHRWKHURFFXUULQJSHDNVLQERWKWKHVWHHODQGDOXPLQLXPVSHFWUXPDUHPRVWOLNHO\
WKHUHVXOWRILPSXULWLHVRIWKHPDWHULDOV
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
)LJ,QWHQVLW\IRU/,%6SODVPDHPLVVLRQVSHFWUXPRIWKHVHOHFWHGDOXPLQXPVDPSOH
%HVLGHVWKHSUHYLRXVH[SHULPHQWVRQWKHVSHFWUDOVHQVLWLYLW\DQGUHVROXWLRQRIWKH/,%6V\VWHPDVWDWHPHQWRYHU
LWVFDSDELOLW\RIGLVFULPLQDWLRQEHWZHHQGLIIHUHQWVXUIDFHOD\HUPDWHULDOVZDVPDGH7KHWZRPHDVXUHGJUDSKVLQ)LJ
 DQG )LJ  GHOLYHU D FOHDUO\ TXDOLWDWLYH GLVFULPLQDWLRQ EHWZHHQ WKH WZRPDWHULDOV )RU IXUWKHU YDOLGDWLRQ RI WKH
V\VWHPV¶FDSDELOLW\ WRGLVWLQJXLVKEHWZHHQGLIIHUHQW OD\HUVRIPXOWLOD\HUHGVXUIDFHVD WKLUGVDPSOHZDVH[DPLQHG
GXULQJDODVHUPLFURPDFKLQLQJSURFHVV7KHPHDVXUHGSODVPDHPLVVLRQVSHFWUDRIWKHFDUERQFRDWHGFRSSHUIRLODUH
LOOXVWUDWHGLQ)LJDQG)LJ

)LJ/,%6LQWHQVLW\VSHFWUXPIRUFDUERQEHIRUHDEODWLQJWKURXJKWKHWUDQVLWLRQ]RQHRIWKHFDUERQFRDWHGFRSSHUIRLO
7KHORZHQHUJ\SXOVHVGHVFULEHGLQVHFWLRQHQDEOHVDQDEODWLRQRYHUWKUHHSXUH&DUERQDEODWLRQLWHUDWLRQV
XQWLOWKH&DUERQOD\HULVIXOO\DEODWHGDQG&RSSHUDULVHVLQWKHVSHFWUXP7KHSORWRIWKHODVWFDUERQVSHFWUXPEHIRUH
WKHWUDQVLWLRQ]RQHJHWVDEODWHGDQGWKHILUVWFRSSHUVSHFWUXPDIWHUWKHWUDQVLWLRQ]RQHKDVEHHQUHPRYHGVKRZD
VLJQLILFDQWTXDOLWDWLYHGLIIHUHQWLDWLRQEHWZHHQWKHWZRVSHFWUD7KLVOHDGVWRWKHFRQFOXVLRQWKDWWKH/,%6V\VWHPFDQ
GHWHFW WKH WUDQVLWLRQ ]RQH EHWZHHQ WZR WKLQ OD\HUHG PDWHULDOV LQ WHUPV RI DQ DEODWLRQ ZLWK VHYHUDO ODVHU SXOVH
LWHUDWLRQVDQGWKHUHIRUHWKHUHPRYLQJRIDWKLQVLQJOHOD\HUHDFKSHUSXOVH%HVLGHVWKHJRRGFDSDELOLW\RIWKHV\VWHP
WRGLVWLQJXLVKEHWZHHQWKHWZROD\HUVWKHHPLVVLRQOLQHRIFDUERQDWQPLVQRWGHWHFWDEOHDVLVZDVLQWKHVWHHO
VSHFWUXP 7KH VSHFWUDO VHQVLWLYLW\ OLPLWHG E\ WKH FDPHUD FDQ EH GHFODUHG DV WKH UHDVRQ IRU WKH PLVVLQJ FDUERQ
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+RZHYHUWKHVSHFWURPHWHUGHWHFWVVRPHSHDNVLQWKH9,6VSHFWUXPIURPDERXWQPWRQPZKHUHIRUHRQO\
WKH SUHVHQFH RI &DUERQ LQ D GLIIHUHQW FRQGLWLRQ UHJDUGLQJ LWV DWRPLF ODWWLFH JLYHV DQ H[SODQDWLRQ 7KH GHWHFWHG
HPLVVLRQOLQHVPRVWOLNHO\RFFXUIURP&DV5LDVFRVHWDOSRLQWHGRXW%\WKHUHFRPELQDWLRQRI&WKHSODVPD
LV H[SHFWHG WR LUUDGLDWH LWV HPLVVLRQ EHWZHHQ  QP WR  QP >5LDVFRV HW DO @ ZKLFK LV TXDOLWDWLYHO\
FRQJUXHQWZLWK WKH VSHFWUXP LQ)LJ$IWHU WKHH[FHHGLQJ WKHDEODWLRQSODQHRYHU WKH LQWHUIDFHEHWZHHQ WKH WZR
PDWHULDO OD\HUV WKH VSHFWUXP VKRZQ LQ )LJ  RFFXUV 7KH SLFWXUHG VSHFWUXP FRQWDLQV WKH VDPH FKDUDFWHULVWLF
HPLVVLRQSHDNVOLNHWKHOLWHUDWXUHSRLQWVRXWIRU&RSSHU7KHVSHFWUXPFRQWDLQVRQHSHDNLQWKHORZHU89ZKLFKILWV
WKHGHVFULEHGHPLVVLRQ OLQHRIQP >6WXUPHW DO @ DQG DQRWKHUSHDN LQ WKH9,6 VSHFWUXPDW QP
ZKLFKLVFRQJUXHQWZLWKWKHSXEOLFDWLRQVRIDQRWKHUDXWKRU>7RQJHWDO@)RUWKLVUHDVRQWKH/,%6V\VWHPFDQ
EHGHFODUHGRIEHLQJFDSDEOHRIWKHGHWHFWLRQDQGFKDUDFWHUL]DWLRQRI&RSSHUDVZHOO

)LJ/,%6LQWHQVLW\VSHFWUXPIRUFRSSHUDIWHUDEODWLQJWKURXJKWKHWUDQVLWLRQ]RQHRIWKHFDUERQFRDWHGFRSSHUIRLO
)RUPDWFKLQJWKHGLIIHUHQWGHFODUDWLRQVRIWKHUHIHUHQFHVWKHFRQFOXVLRQFDQEHPDGHWKDWWKHPHDVXUHGVSHFWUXP
RI D &DUERQ FRDWHG &RSSHU VXEVWUDWH E\ D /,%6 V\VWHP ILWV WKH FKDUDFWHULVWLF HPLVVLRQ OLQHV RI WKH FRPSRVLQJ
PDWHULDOVDQGLVIXUWKHUPRUHFDSDEOHRIGLIIHUHQWLDWHGLIIHUHQWPDWHULDOVGXHWRDQDEODWLRQSURFHVVRIDVHULHVRIODVHU
SXOVHLWHUDWLRQV
&RQFOXVLRQDQGRXWORRN
1RZDGD\VUHDOWLPHIHHGEDFNFRQWUROV\VWHPVIRUODVHUPLFURPDFKLQLQJDSSOLFDWLRQVDUHVWLOOQRWVWDWHRIWKHDUW
/DVHUPLFURPDFKLQLQJLVPDLQO\VHWXSE\HPSLULFDOPHWKRGVIRULWVSURFHVVVWDELOLW\DQGGHSHQGVLQZLGHDUHDVRQ
FRQWURO V\VWHPV ZKLFK MHRSDUGL]HV WKH DEODWLRQ SURFHVVHV LQ WHUPV RI D SURSHU GHILQHG VXUIDFH PRGHOOLQJ DQG
WUDFHDELOLW\&RQVLGHULQJWKHSUHYLRXVO\GHVFULEHGZRUNSLHFHPDFKLQHDQGHQYLURQPHQWDOUHODWHGRYHUDOOYDULDWLRQV
ZKLFK DIIHFW WKH SURFHVV UREXVWQHVV DQG WKH ILQDO SURGXFW TXDOLW\ D SURFHVV PRQLWRULQJ DQG FRQWURO LV KRZHYHU
GHPDQGLQJLQVHYHUDODUHDV,QWKHVSHFLDOFDVHRIWKHPDFKLQLQJRIOD\HUHGVXUIDFHVZLWKODVHUDEODWLRQWKHIHHGEDFN
RIWKHDEODWLRQGHSWKDVZHOODVOD\HUFKDQJHZRXOGHQDEOHDQLQFUHDVHRIWKHRYHUDOOSURFHVVUREXVWQHVV)RUWKLV
UHDVRQ WKH SRVVLELOLWLHV RI ODVHU LQGXFHG EUHDNGRZQ VSHFWURVFRS\ DV D IHHGEDFN FRQWURO V\VWHP IRU ODVHU PLFUR
PDFKLQLQJDSSOLFDWLRQVIRUPXOWLOD\HUHGVXUIDFHVZHUHHYDOXDWHG
7KH WHFKQRORJ\RI/,%6SURYLGHV LQ FRQWUDVW WR RWKHUPHDVXUHPHQW V\VWHPV WKH IXQGDPHQWDO FDSDELOLW\ RI WKH
PDWHULDO DQG FRQVHTXHQWO\ OD\HU FKDQJH GHWHFWLRQ DOVR IRU WKLQ OD\HUV EHFDXVH /,%6 XVHV WKH SODVPD ZKLFK LV
LQGXFHG E\ WKH ODVHU PDFKLQLQJ SURFHVV LWVHOI DQG LV LQ DGGLWLRQ LQGHSHQGHQW RI UHVWULFWLRQV GXH WR LWV RSWLFDO
FRPSRQHQWVLQDZLGHUDQJH/,%6XVHVWKHPHFKDQLVPVRIODVHULQGXFHGSODVPDZKLFKSURYLGHVWKHSRVVLELOLW\RI
PHDVXULQJWKHPDWHULDOFRPSRVLWLRQRIWKHDEODWHGPDWHULDOFROOHFWLQJUHDOWLPHLQIRUPDWLRQDERXWWKHODVHUSURFHVV
7KH SURYLGHG LQIRUPDWLRQ LV IHHGEDFN ULJKW WR WKH ODVHU PLFUR PDFKLQLQJ V\VWHP HQDEOLQJ WKH DGDSWLRQ RI LWV
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SDUDPHWHUV RSWLPL]LQJ WKH FXUUHQW DEODWLRQ VLWXDWLRQ 7KH GHYHORSHG V\VWHP GHPRQVWUDWHG LWV FDSDELOLWLHV RI
PHDVXULQJGLIIHUHQWVDPSOHVZLWKDVXEVHTXHQWLGHQWLILFDWLRQRIWKHFRQWDLQLQJPDWHULDOVE\WKHH[DPLQDWLRQRIWKH
SODVPDHPLVVLRQVSHFWUD(YHQWKRXJKWKHPHDVXUHPHQWV\VWHPUHDFKHGLWVOLPLWDWLRQVUHJDUGLQJVSHFWUDOVHQVLWLYLW\
DQGUHVROXWLRQDOOV\VWHPSDUDPHWHUVDUHVXLWDEOHIRUWKHGHWHFWLRQDQGGLVFULPLQDWLRQRISODVPDHPLVVLRQVSHFWUDRI
DZLGHUDQJHRIPDWHULDOVUHOHYDQWIRUODVHUPLFURPDFKLQLQJDSSOLFDWLRQV)XUWKHUPRUHWKHIOH[LELOLW\RIWKH/,%6
VHWXSRIEHLQJDGDSWDEOHWRVSHFLILFERXQGDU\FRQGLWLRQVHQDEOHVWKLVWHFKQRORJ\IRUDZLGHUDQJHRIDSSOLFDWLRQV
7KHUH LV KRZHYHU VWLOO URRP IRU LPSURYHPHQW EHVLGHV WKH VSHFWUDO VHQVLWLYLW\ DQG UHVROXWLRQ 7KLV DSSOLHV
HVSHFLDOO\IRUWKHDVSHFWRIIHHGEDFNFRQWURO7KHUHIRUHWKHIRFXVRQWKHIXUWKHUGHYHORSPHQWRIWKH/,%6XQLWIRU
ODVHUSURFHVVPRQLWRULQJLVWKHFUHDWLRQRIDVLJQDOSURFHVVLQJVRIWZDUHZKLFKFDQSURYLGHDIHDVLEOHUHJXODWLQJRI
WKHODVHUSURFHVVSURWHFWLQJWKHXQGHUO\LQJOD\HUVRIPXOWLOD\HUHGVXUIDFHVIURPEHLQJDEODWHGE\WKHDSSHDUDQFHRI
WKHILUVWGLIIHULQJVSHFWUXPIURPWKHDFWXDOSURFHVVHGPDWHULDOV¶VSHFWUDOGLVWULEXWLRQ

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